Abstract-An antenna designated mainly for cellular telephony purposes is presented. It covers one full band from 690 MHz to 2700 MHz with 6 dB return-loss criterion. The antenna is dimensioned 45 mm by 22.5 mm and is 0.8 mm in thickness. It is composed of a T-shaped monopole on the front-side and a meandered line on the back-side of an FR4 substrate. The T-shaped monopole is responsible for the high-band resonances. The meandered line is divided into three parts: the first part functions as a distributed inductor; the second part plays the role as a low-band resonator, and the third part is a tuning element. The distributed inductor and the low-band resonator are both folded strips in configuration, but with different spacing. The tuning element is used to improve the match so that one full band operation can be realized. To clarify the operational mechanism, modes separately generated from each part are analyzed and compared to modes of the proposed antenna.
INTRODUCTION
The development of the LTE 700/2300/2500 system has called for more bandwidth for the mobile antenna. The 900/1800 MHz dual-band operation was once popular three decades ago. Nowadays, the bandwidth often mixes the UHF-WLAN bands with the LTE bands [1] [2] [3] . Sometimes, the SHF-WLAN band may also be included [4] [5] [6] . For the configurations of the antennas, most of them involve the use of the meandered lines. In [5, 6] , however, the log-periodic dipole arrays are adopted. As the lowest frequency is decreased to 690 MHz, it causes the main challenge to design the mobile antenna with an even limited space. Another discussed issue is to reduce the height of the antenna. In [7] , the size of the antenna is 80 mm × 8 mm × 5.8 mm. In [8] , the size of the antenna is 25 mm × 15 mm × 4 mm. In [9] , the size of the antenna is 55 mm × 10 mm × 8 mm. All the three antennas are folded in structure to reduce the height of the antenna. Unfolded antennas with small size and low height are found in [10, 11] . In [10] , the size of the antenna is 58 mm × 12 mm × 0.6 mm, while the antenna cannot cover the 850/900 GSM band. The size of the antenna in [11] is 35 mm × 10 mm × 0.8 mm, while the antenna requires a C-shaped ground plane. Instead of designing a very small antenna, a broadband antenna covering the full band from 690 MHz to 2700 MHz is proposed [12] . It allows the GPS band to be included in a mobile antenna. In [12] , there is a chip inductor. In this study, the chip inductor is replaced by the distributed inductor which is implemented by a folded strip with a narrow spacing on the backside of a substrate. The first folded strip, or the inductor-strip, is directly connected to the system ground. Then, a second folded strip with a larger spacing than the inductor-strip is connected to the inductor-strip. The second folded strip is served as a resonator and is called the resonant-strip to distinguish it from the inductor-strip. The length of the second folded strip is tuned to operate as a quarter wavelength resonator which helps in lowering down the lowest operation frequency.
In brief, the antenna is featured to have a T-shaped driven monopole in the front-side and an inductor/resonator combination in the back-side of an FR4 substrate. The T-shaped strip-monopole in [3, 4] is coupled to the coplanar meandered strips. The wide-band characteristics of a wide rectangularmonopole have been discussed in [12] . In this paper, the rectangular-monopole is modified to a T-shaped monopole and is coupled to the meandered strip on its backside. By this way, the length of the backside strip can be tuned to yield the lowest operation frequency to 690 MHz and the dual-band operation can easily be realized. The full-band antenna is obtained by adding a tuning stub close to the junction between the inductor-strip and the resonator-strip.
ANALYSIS OF THE ANTENNA
The size of the antenna shown in Fig. 1 is 22.5 mm in length and 45 mm in width. It is printed on both sides of an FR4 substrate, where the main ground plane covers an area of 97.5 mm by 45 mm. It is shown that there is a projected overlapped area. The layout patterns on the top side and on the bottom side are respectively shown in Fig. 2 and Fig. 3 . In [13] , two meandered strips are coupled on the same side of an FR4 substrate. The lowest frequency in [13] is 824 MHz. With the same sized antenna, we can design a full-band antenna lowest to 690 MHz. The antenna is simulated by the software of HFSS.
With the top-only antenna obtained by removing the backside strip from the proposed antenna, it is shown in Fig. 4 that the top-only antenna is poorly matched at the lower-part band. The toponly antenna generates the lowest operating frequency near 1100 MHz and it has a wider upper-part bandwidth above 1800 MHz. This characteristic is similar to the behavior of the rectangular monopole in [12] . included in the backside strip. It is also shown in Fig. 4 that the stub can effectively improve the match near 1400 MHz. The normalized input impedance of the antenna at 1400 MHz is 0.37 + j0.7 Ω before adding the stub and it becomes 0.4 − j0.37 Ω after tagging the stub to the meandered line. Therefore, the stub is equivalent to a series capacitance seen from the input line. In [12] , we used two wide tuning stubs and the two stubs were modelled as the shunt capacitance for a wide range. In this paper, it is studied that the tuning stub only works for a narrow frequency range near 1400 MHz. The antenna with VSWR less than 3 within the whole 690-2700 MHz bandwidth is, therefore, featured to have a T-shaped monopole on the front-side and a backside-strip of " In the proposed antenna, there are three types of strip on the backside of the substrate. They are the tuning strip, inductor-strip and resonant-strip. It has been demonstrated that the tuning strip is responsible for the match between the upper-part and lower-part bands. The six resonant frequencies of the proposed antenna, therefore, are coupled from the modes of the top-strip, inductor-strip, and resonant-strip. In the proposed antenna, the adjacent spacing is L9 = 3 mm and L10 = 0.5 mm, respectively in the resonant folded strip and inductor folded strip. The smaller spacing makes the inductor-strip not be used to generate any resonant modes. It can also be confirmed later by studying the current distribution on the backside strip. In the proposed antenna, the backside strip is parasitically coupled to the top-only antenna. However, one can also analyze a driven bottom-only antenna. The driven bottom-only antenna is featured to have only the backside strip and is excited by a source at the ground edge.
In Fig. 6 , the return-loss responses of the top-only antenna, the bottom-only antenna, and the proposed antenna are compared to each other. They are all simulated with W 1 = 45 mm. It is shown that there is one clear resonant frequency at 1100 MHz in the top-only antenna, and there are three resonant frequencies at 870 MHz, 1740 MHz, and 2350 MHz in the bottom-only antenna. The top-only antenna also exhibits a broadband characteristic from 1750 MHz to 2550 MHz. The proposed antenna contains the modes coupled from the top-only and bottom-only antennas. Among them, the three frequencies at 730 MHz, 1370 MHz, and 2100 MHz are shifted respectively from the corresponding modes on the backside-strip. The reason can better be understood by also referring to Fig. 5 as the three frequencies are shifted up when W 1 is decreased. We may also reasonably judge that the mode at 1100 MHz in the top-only antenna could possibly be shifted to 1030 MHz in the proposed antenna. In Fig. 5 , the change of the length of the backside-side has little effect on mode at 1030 MHz as it is originated from the top-strip. On the other hand, the change of the length of the backside-side has more effect on modes at 730 MHz, 1370 MHz, and 2100 MHz as they are originated from the backside-strip.
In Fig. 7 , the return-loss of the proposed antenna is investigated by varying the parameters related to the top-side only. Two special cases are also included. The "large rectangle" is with width of (W 3 + W 1) and length of (L1). The "small rectangle" has the same width as the large rectangle, but with a length of (L1 − L4 − L5). It is shown that both rectangles cannot meet the 6-dB return-loss criterion over the upper-part band. The use of the T-shaped monopole can effectively improve the match over the upper-part band.
Since the ratio of the three resonant frequencies from the bottom-only antenna is near 1 : 2 : 3, it is reasonable to conclude that the antenna is operated as 0.25λg, 0.5λg, and 0.75λg radiators, respectively at the three frequencies. The current distributions at three resonant frequencies of the bottom-only antenna are shown in Fig. 8 . Currents in the marked regions function as the match circuit. For the resonant path at 870 MHz, it is shown that the current flows in the arrow's direction and reaches a null (minimum current) at the end, which is the quarter-wavelength distribution. For the resonant path at 1740 MHz, there are two nulls, and the current flows in the same direction resulting in a half-wavelength distributed pattern. For the resonant path at 2350 MHz, a cross sign, x, is highlighted. The current reverses its direction at this point making the current distributed as the 0.75λg radiator. One half has a length of 0.5λg, and the other half has a length of 0.25λg.
The current distributions at three frequencies of the top-only antenna are shown in Fig. 9 . The current distributes only part of the T-shaped region at 1030 MHz and 1990 MHz, and distributes most of the T-shaped region at 2700 MHz. The current distributions at six resonant frequencies of the proposed antenna are shown in Fig. 10 . It is expected that most of the current is concentrated on the backside at 730 MHz and is concentrated on the topside at 2700 MHz. In between 730 MHz and 2650 MHz, the current is distributed on both sides due to mutual coupling. 
MEASUREMENT
The main parameters of the proposed antenna are listed in Tables 1, 2 , and 3. Table 1 and Table 2 respectively display the parameters on the topside and backside of the substrate. For clearance, the parameters related to the projected overlapped area of both sides are listed in Table 3 . Fig. 11 shows a comparison of the simulated and measured return losses of the antenna. From 660 MHz to 2700 MHz, the measured return loss values are above 6 dB. The simulated and measured gains are respectively shown in Fig. 12 . It is shown that the trends of the simulated and measured gain responses agree well. Meanwhile, the return-loss response in Fig. 11 and the gain response in Fig. 12 are also compatible with each other. In Fig. 11 , the antenna is relatively better-matched at 1000 MHz and poorly-matched at 1400 MHz. Beyond 1400 MHz, the antenna is generally getting more and more matched as the frequency is increased. In Fig. 12 , it is shown that the antenna has a local maximum gain at the better-matched frequency of 1000 MHz and a local minimum gain at the poorly-matched frequency of 1400 MHz. Beyond 
CONCLUSION
The paper is a continuous research following the work in [12] . We have successfully completed the full-band antenna without using the chip inductor. The chip-inductor is replaced by a distributed inductor-strip. Following the distributed inductor-strip, the resonant-strip is connected together. Both strips are constructed as folded strip in configuration. The resonant-strip, being a meandered line, is easy to generate one fundamental and two harmonic modes. The inductor-strip, however, does not generate any resonant frequencies. The use of two-folded strips with different spacing introduced in this paper is new to promise that each strip realizes its respective function. The T-shaped monopole inherently exhibits a wideband characteristic from 1750 to 2550 MHz in addition to a fundamental resonant mode at 1100 MHz. The monopole-type antenna is suitable to provide higher-part bandwidth. To promise a wideband from 690 to 2700 MHz, a tuning stub is also added to the backside strip. The use of monopole broadside-coupled to the meandered line has been introduced in [12] . The two broadside-coupled different-typed resonators are rarely seen in the literature. In [13] , the edge coupling between two meandered lines is used. The antenna in [13] is of the same size as ours, but it cannot cover the lowest resonant frequency to 690 MHz. The proposed antenna is simple in configuration and is ready for LTE/WWAN/GPS application.
